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Cystic fibrosis (CF) is caused by 
mutations in the cystic fibrosis 
transmembrane conductance regulator 
(CFTR) gene. CFTR mutations lead to 
production of non-functional CFTR, 
reduced amounts of normal functioning 
CFTR or misfolded CFTR with defects 
in trafficking or function. For decades, 
CF treatment has been focused on the 
symptoms of CF, but pharmacotherapy 
using small molecules that target the 
basic defect of CF, the mutant CFTR pro- 
tein, is now possible for a limited amount 
of subjects with CF. This raises the excit- 
ing possibility that the majority of people 
with CF may receive effective treatment 
targeting the different CFTR mutants in 
the future. We recently described a func- 
tional CFTR assay using rectal biopsies 
from subjects with CF that were cultured 
in vitro into self-organizing mini-guts 
or organoids. We here describe how this 
model may assist in the discovery of new 
CFTR-targeting drugs, the subjects that 
may benefit from these drugs, and the 
mechanisms underlying variability in 
CFTR genotype-phenotype relations. 

Introduction 

Cystic fibrosis (CF) is a life-shortening 
autosomal recessive disorder caused by 
mutations in the cystic fibrosis transmem- 
brane conductance regulator (CFTR) gene 
that encodes an apically expressed anion 
channel essential for fluid and electrolyte 
homeostasis of many mucosal surfaces. 1 
Subjects with CF display severe pulmonary 
and gastrointestinal dysfunctions and have 
a life expectancy of approximately 40 y. 



Since the cloning of the CFTR gene 24 
y ago, over 1900 mutations have been iden- 
tified 2 (http://www.genet.sickkids.on.ca). 
Based on the mechanism by which muta- 
tions affect the CFTR protein, they can 
be classified into 6 groups: (1) no synthe- 
sis, (2) defective protein folding and traf- 
ficking, (3) defective channel regulation 
(gating), (4) reduced CI conductance, (5) 
reduced amounts of normal functioning 
apical protein (e.g., by altered splicing) 
or (6) an increased plasma membrane 
turnover. 3 F508del is the most dominant 
CFTR mutation (-67% of all mutant 
alleles worldwide) expressed by approxi- 
mately 90% of subjects with CF (http:// 
www.genet.sickkids.on.ca/). Multiple co- 
and post-translational folding steps are 
affected in CFTR-F508del causing reten- 
tion at the endoplasmic reticulum, rapid 
degradation and severely reduced expres- 
sion at the apical membrane. 4 At the apical 
membrane CFTR-F508del further shows 
defects in gating and plasma membrane 
retention. Due to the high prevalence of 
CFTR-F508del in the CF population, 
it is the prime target for CFTR-directed 
pharmacotherapy. 

Pharmacotherapy of CFTR 

Pharmacotherapy using small mol- 
ecules that target CFTR mutants is an 
exciting new possibility to treat CF. 
Effective restoration of mutant CFTR 
by compounds depends on the defect 
associated with the CFTR mutation. In 
addition, it is expected that other subject- 
specific factors impact the efficacy of the 
pharmacotherapy as observed for many 
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Figure 1. Schematic representation of organoid generation from rectal suction biopsies. Crypts are isolated from rectal biopsies of CF subjects that 
self-organize into closed 3D multicellular structures consisting of a single epithelial layer and an internal lumen termed organoids upon in vitro culture. 



established drugs. 5 Thus far, the CFTR 
potentiator Kalydeco (VX-770) is the only 
CFTR-targeting drug commercially avail- 
able and it is approved for a select subset of 
CF subjects (< 4%) expressing the gating 
mutant CFTR-G551D. 6,7 This exciting 
development demonstrates that CFTR- 
directed pharmacotherapy is feasible, and 
may possibly be designed for the majority 
of subjects with CF. 

Preclinical and clinical data indicate 
that robust restoration of CFTR-F508del 
requires a combination of compounds 
that both target the folding defect (cor- 
rectors) and the gating defect (potentia- 
tors). 8 ' 10 Results from a phase II clinical 
trial with the corrector Lumacaftor (VX- 
809) and the potentiator Kalydeco (VX- 
770) indicated that absolute lung function 
significantly improved by 6.7% in sub- 
jects homozygous for CFTR-F508del 
(http://investors.vrtx.com/releasedetail. 
cfm?releaseid=687394). In this trial, treat- 
ment effects were observed in over 50% 
of the subjects, and approximately 25% 
of the subjects demonstrated 10% lung 
function increase, and a phase III clinical 
trial has been initiated for CFTR-F508del 
homozygous patients. This approach is 
likely not sufficient to "cure" CF in these 
subjects, indicating that discovery of novel 
CFTR-restoring compounds is important. 

Lung function improvement in the 
subjects with a single CFTR-F508del allele 
was lower and likely relates to the lower 
expression of Lumacaftor and Kalydeco- 
responsive mutant CFTR protein. 



Although the effects for this group as a 
whole were limited, it could very well be 
that individual patients may respond to 
the treatment. Identification of these sub- 
jects is important to ensure that subjects 
who may benefit from potential treat- 
ments are not missed, and receive treat- 
ment as quickly as possible. 

Prediction of Individual 
CFTR-Restoring Drug Efficacy 
by Functional Models 

The efficacy of CFTR-restoring phar- 
macotherapy may be predicted ex vivo or 
in vitro by patient-specific CFTR func- 
tion measurements. Various methods may 
have the potential to predict in vivo drug 
efficacy, and these approaches will likely 
complement each other. Ex vivo rectal 
biopsies have been used to study the modu- 
lation of CFTR function and the strength 
of this method is both with its direct rela- 
tion to the patient and the sensitivity to 
measure CFTR function. 11,12 However, 
only a limited amount of biopsies (4-8) 
can be isolated from one patient, so only a 
small patient-specific data set can be gen- 
erated. In vitro primary airway cell cul- 
tures can be generated in large numbers 
from lung explants, but cultures set up 
from patients that can mostly benefit from 
treatment require invasive procedures 
and are limited due to loss of differen- 
tiation potential upon passaging of basal 
cells. 1314 In addition, the measurement 
of CFTR function using this method is 



time consuming. Recently, progress has 
been reported in differentiating induced 
progenitor stem cells (iPSC) into airway 
cells. 15 This approach generates a limitless 
supply of patient-specific cells, but techni- 
cal advances are further needed to ensure 
genomic integrity of iPSC clones and opti- 
mal airway differentiation protocols. 16 

We developed a novel functional 
CFTR assay using intestinal adult stem 
cell cultures generated from rectal biopsies 
after intestinal current measurements. 17 
Compared with the other available 
patient-specific models, analysis of CFTR- 
function in these "organoid" cultures is 
fast, robust, and accurate and allows for 
the generation of large data sets from indi- 
vidual subjects within several weeks after 
isolation. Furthermore, these cultures are 
(epi) genetically stable and can be stored 
in liquid nitrogen, features that are essen- 
tial for biobanking and high-throughput 
screening. 18 The potential weakness of 
these cultures is due to the intestinal ori- 
gin of the cells; responses of intestinal cells 
may not fully represent responses of air- 
way cells. 

A Novel Functional CFTR 
Assay in Intestinal Organoids 
from CF Subjects 

We typically start intestinal organ- 
oid cultures from rectal biopsies used for 
diagnostic purposes of CF. 17 Crypts iso- 
lated from biopsies are cultured in a three 
dimensional matrix and self-organize into 
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Figure 2. CFTR function measurements using intestinal organoids. (A) Schematic representation of the method to measure forskolin-induced organoid 
swelling. (B) Confocal images of calcein-green labeled F508del/F508del organoids with or without VX-809 + VX-770 treatment at the indicated time 
points of forskolin stimulation. 



mini-guts or organoids that recapitulate 
essential features of the in vivo tissue 
architecture. 19,20 These pure epithelial 
cultures consist of closed single epithe- 
lial layers with the apical membrane fac- 
ing a central lumen, and multiple crypt 
domains that harbor the stem cells. A 
repetitive culture cycle including organoid 
expansion for 7 d, mechanical disruption 
into single crypts and passaging to new 
wells allows for the generation of large 
amounts of material that can be used for 
functional CFTR measurements or liquid 
nitrogen storage (Fig. 1). 

Chemical activation of CFTR by for- 
skolin or cholera toxin rapidly leads to 
volumetric expansion or swelling of the 
organoids due to accumulation of fluid in 
the organoid lumen, a process that is fully 
CFTR-dependent. To quantify forskolin- 
induced swelling (FIS), organoids from a 
7 d-old culture are passaged into 96-well 
plates. After 24 h of culturing (with or 
without CFTR correctors), organoids are 
labeled with calcein green, stimulated 



with forskolin (with or without CFTR 
potentiators) and directly imaged by con- 
focal microscopy (Fig. 2A). We observed 
that FIS was absent in organoids derived 
from Cftr~'~ mice or in human organoids 
with CFTR null alleles, reduced in organ- 
oids expressing mild CFTR mutations and 
strongly reduced in organoids expressing 
severe CFTR mutations. Importantly, FIS 
of CF organoids was restored by treatment 
of CFTR-restoring compounds (Fig. 2B). 

We here focus on the implications of 
CFTR function measurements in these 
organoids for CFTR-targeting drug devel- 
opment. This model can help to address 
important questions, including (1) what 
mechanisms control CFTR genotype- 
phenotype relations and drug efficacy, (2) 
can novel CFTR-targeting compounds 
be developed that restore mutant CFTR 
function for the majority of subjects with 
CF?, and (3) can patient-specific in vitro 
models complement CF77?-genotyping 
for the stratification of CF patients and 
CFTR-targeting drugs? 



Organoids to Study Genotype- 
Phenotype Relations in CF 

Genetic variation in CFTR and other 
modifier genes are important for CF dis- 
ease progression. 21 23 FIS of organoids 
can reveal important relations between 
genotype and CFTR residual function of 
individual subjects and how these relate 
to clinical disease progression, allowing 
for the identification of mechanisms con- 
trolling variability among patients. FIS 
varied greatly between organoids derived 
from different CF subjects, and was larg- 
est in organoids from patients with milder 
CF that express CFTR-A455E. 17 - 24 We 
detected FIS in all organoids express- 
ing CFTR-F508del, also when it was 
expressed from just a single allele. This 
indicates that the CFTR-F508del allele 
clearly confers detectable residual func- 
tion, albeit very limited compared with 
wild-type function. 

Interestingly, we also detected signifi- 
cant differences in FIS between organoids 



www.landesbioscience.com 



Rare Diseases 



e27112-3 



from CFTR-F508del homozygous sub- 
jects, and differences in FIS were stable 
upon propagation of organoids in culture 
for at least seven weeks. This indicates 
that cell-intrinsic mechanisms play a role 
in controlling individual CFTR-F508del 
function, and are likely conferred by 
genetic variability between subjects. These 
clear phenotypic differences between 
CFTR-F508del subjects, and the ability 
to grow large quantities of pure individual 
epithelium will be important to define 
cellular mechanisms or molecular and 
genetic factors associated with residual 
function. 

The variations in the low levels of 
residual function that we observed in 
CFTR-F508del homozygous organ- 
oids can be clinically relevant as subjects 
expressing two class I CFTR alleles (no 
functional CFTR) have reduced lung 
function compared with subjects with two 
class II alleles such as CFTR-F508del. 1%2& 
Correlations between clinical disease phe- 
notype and FIS measurements in both 
cross-sectional and longitudinal studies 
are required to assess whether subject-spe- 
cific FIS in organoids is predictive of lung 
disease progression in CFTR-F508del 
homozygous subjects. If so, pharmacologi- 
cal targeting of mechanisms that control 
CFTR-F508del residual function may be 
important to improve function of mutant 
CFTR, and possibly efficacy of CFTR- 
targeting drugs. 

CF Organoids for Development 
of CFTR-Targeting Drugs 

The functional CFTR assay in organ- 
oids also offers new opportunities for iden- 
tification of novel CFTR-targeting drugs. 
The complete dependency of CFTR and 
robustness of response allow accurate 
measurements of CFTR function with an 
excellent signal-to-noise ratio. The simple 
experimental set up and readout, as well as 
the capacity to expand cells into large vol- 
umes, are all mandatory for high through- 
put approaches. 

Together with Prof GL Lukacs, we 
recently demonstrated that compounds 
targeting distinct sites within CFTR- 
F508del synergize with VX-809 to correct 
the folding defect. 27 This indicates that 
organoids can be used for identification 



of novel therapeutic combinations that 
restore CFTR function. In addition, we 
successfully used CFTR inhibitors in 
wild-type CFTR-expressing organoids 
and showed that other stimuli, such as 
cholera toxin, could also strongly induce 
swelling. This points out that potential 
compounds that inhibit secretory diarrhea 
may be identified using variations of the 
swell assay. 

In vitro primary airway epithelial cell 
cultures play an important role for pre- 
clinical validation of compounds that 
modulate mutant CFTR. Thus far, the 
observations in organoid cultures appear 
to resemble responses of airway cultures 
to CFTR-targeting drugs. 6,10 We found 
similar dose-dependencies to VX-809 and 
VX-770, and a similar hierarchy of CFTR- 
restoring efficacy of VX-809, VX-770, 
Corr-4a, and VRT-325. Although the 
responses to CFTR-restoring drugs are 
similar between CFTR-F508del airway 
cultures and organoids, we observed that 
the relation of responses with wild-type 
cultures was approximately 2-fold higher 
in organoids. This likely reflects different 
relations between CFTR protein function 
and culture-specific functional readouts. 

Together, this indicates that agonist- 
induced swell assays in organoids are 
a suited platform for identification of 
CFTR-targeting drugs, either as a primary 
screening model or for preclinical valida- 
tion of previously identified hits. 

Organoids for Stratification 
of CF Subjects 

Stratification of subjects for drugs is 
important to maximize the effective use of 
therapeutics. As discussed above, clinical 
trials with CFTR-targeting drugs indicate 
that these drugs have variable efficacy 
among individuals, as has been observed 
for most drugs. 5 Especially when treat- 
ment efficacy is uncertain for individu- 
als, and when high costs limit empirical 
approaches for application of drugs, strati- 
fication of patients for drugs becomes 
more important. 

Ideal stratification methods should 
have high sensitivity (fraction of identified 
true drug-responsive subjects) to identify 
as much subjects as possible that will ben- 
efit from treatment. The specificity of 



such methods (fraction of identified true 
non-responsive subjects) is important to 
limit the risk of potential off-target effects 
without beneficial therapeutic effects, and 
to limit the economical burden associated 
with ineffective treatment. The identifica- 
tion of non-responding subjects becomes 
more important when multiple treatment 
options are available and CF disease pro- 
gresses due to ineffective treatment. As 
there is only a single CFTR-targeting drug 
registered at this moment, the main goal 
for now is to develop methods that have 
maximal sensitivity. 

It is crucial to include subjects that 
will respond to drugs in clinical trials to 
demonstrate clinical efficacy. Currently, 
inclusion of subjects for clinical trials for 
CFTR-restoring drugs depends mostly 
on defining CFTR genotypes (or classes) 
that have been shown to react to drugs in 
vitro, in combination with specific inclu- 
sion and exclusion criteria based on indi- 
vidual clinical disease parameters. In this 
way, CFTR-targeting drugs can be regis- 
tered for subgroups of patients expressing 
particular CFTR genotypes, and this cycle 
can be repeated to demonstrate thera- 
peutic efficacy for other genotypes. This 
model was successfully applied to register 
Kalydeco for CFTR-G551D-expressing 
subjects, and currently novel genotypes are 
being selected for Kalydeco treatment. 28 

Especially for subjects expressing com- 
plex or rare CFTR genotypes, in vitro 
replication of CFTR mutations in ectopic 
expression models can be difficult (e.g., for 
splice site mutations). In addition, clinical 
trials are difficult to perform in subjects 
with rare genotypes with sufficient power 
to demonstrate efficacy. This indicates 
that prediction and in vivo validation of 
individual responses to CFTR-targeting 
drugs is important for selection of sub- 
jects for drugs that have originally been 
registered for other genotypes. We found 
different responses to CFTR-targeting 
drugs in organoids from subjects with 
various CFTR genotypes suggesting that 
this model can be useful to select drug- 
responsive CFTR genotypes. 17 

In addition, individual measurements 
that predict efficacy of drugs can be 
important to select responding subjects 
independent of CF-causing mutation. 
We and others found that CFTR protein 
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expression and function can be different 
for subjects harboring two CFTR-F508del 
alleles, as can be their response to CFTR- 
targeting drugs. 6,17,29,3 ° In organoids, 
subject-specific drug profiles are stable at 
multiple culture time points, indicating 
that cell-intrinsic mechanisms, indepen- 
dent of the CF-causing mutations, fur- 
ther control efficacy of CFTR-restoring 
drugs. Interestingly, Flume et al. found 
that sweat chloride levels decreased > 10 
mmol/L in approximately 15% of CFTR- 
F508del homozygous patients upon 
Kalydeco treatment, suggesting that some 
homozygous CFTR-F508del individuals 
may already benefit from potentiator ther- 
apy. 9 This supports that polymorphisms 
within CFTR itself, efficacy of transcrip- 
tion, translation, and/or post-translational 
processing of CFTR-F508del are different 
between individuals, which can affect in 
vivo efficacy of CFTR- targeting drugs. 

A clear advantage of the organoid- 
based FIS measurements is the relatively 
rapid and detailed analysis of subject-spe- 
cific efficacy of CFTR-modulating agents. 
Organoid cultures can be biobanked to 
ensure that material is stored after a single 
isolation procedure for current and future 
drug testing. Experiences from our own 
clinical center and others have indicated 
that procedures to isolate rectal biopsies 
are well tolerated by subjects, although 
repeated isolations of biopsies are less well 
tolerated. 12 ' 31,32 
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